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Martin Marietta Corporation - Denver
ABSTRACT
The propulsion system studies made to select the 
Attitude Control Propulsion System (ACPS) and Orbit 
Maneuver System (QMS) for the. McDonnell Douglas - 
Martin Marietta Space Shuttle Vehicle are summarized 
in the paper. Both high chamber pressure and low 
chamber pressure gaseous 02/H2 ACPS concepts are 
considered in conjunction with ACPS, RL-10, and new 
development engines for the OMS function. Weights, 
performance, reliability, maintainability, mission 
flexibility data are combined with overall system/ 
vehicle costs to complete the evaluation and the 
final selection of a high chamber pressure (500 
psia) ACPS and liquid pump fed RL-10 OMS.
INTRODUCTION
The Space Shuttle Vehicle is proposed as a two stage 
fully reusable vehicle, capable of a variety of mis­ 
sions such as space station resupply, placement and 
retrieval of satellites, delivery of propulsive 
stages and propel 1 ants, and service and maintenance 
of satellites. To accomplish these missions, which 
require the payloads to be placed in a variety of 
orbit altitudes and inclinations, the booster and 
orbiter are launched from the Eastern Test Range 
with the orbiter being inserted into the desired 
orbit while the booster returns to the launch site. 
Both the booster and the orbiter require an attitude 
control propulsion (ACPS) system for reentry stabi­ 
lization; the orbiter requires attitude control and 
vernier translation capability during all on-orbit 
operation and, in addition, an orbit maneuver system 
(OMS) for all gross orbital maneuvers such as cir- 
cularization, plane change, and deorbit.
When the overall objectives of the Space Shuttle 
program are considered, selection of an ACPS/OMS for 
a Space Shuttle Vehicle is based on many factors in 
addition to pure propulsion system performance or 
engine Isp. Total system weight, flexibility of a 
system to perform varied missions, and usefulness 
in vehicle abort are key performance factors. For 
a vehicle that is to have high reuse and rapid turn­ 
around time, systems must be reliable and maintain­ 
able. The development costs of a system during the 
life of the program are also very Important factors 
to be considered in the selection of an ACPS/OMS. 
It is the purpose of this paper to examine the 
interrelationships of performance, reliability, 
maintainability, and development costs. The work 
described was performed by the McDonnell Douglas -
Martin Marietta Team during the Space Shuttle 
System Program Phase B Definition Study contract 
effort under the direction of the NASA Marshall 
Space Flight Center (Contract NAS8-26Q16).
The booster and orbiter configurations used as a 
baseline for the studies discussed herein are shown 
in Figure 1. The booster serves as the first stage 
of the fully recoverable Space Shuttle Vehicle. It 
weighs approximately 3,700,000 pounds at liftoff and 
700,000 pounds at staging. The orbiter weighs 
approximately 840,000 pounds at staging and 300,000 
pounds at orbit insertion. Payloads in the range 
of 25,000 to 65,000 pounds are carried, depending 
on orbit altitude and inclination. The main pro­ 
pulsion system onboard the booster and orbiter 
utilizes 550,000 pound thrust (S.L. with area ratio 
of 35:1) oxygen/hydrogen engines - 12 in the booster 
and two in the orbiter. The attitude control pro­ 
pulsion system also utilizes oxygen/hydrogen 
propel!ants.
Booster Straight King Orbiter Delta Wing Orbiter
FIGURE 1. MDAC/MMC SPACE SHUTTLE VEHICLE
There are two basic ACPS concepts: one is "Low 
Chamber Pressure" (Low Pc ) which denotes the family 
of systems which utilize the main propulsion tanks 
as gaseous oxygen and gaseous hydrogen accumulators 
and supply the thrust chambers with propel!ants in 
the pressure range of 40-45 psia; the other concept 
is "High Chamber Pressure" (High Pc ) which denotes 
the family of systems in which the propel 1 ants are 
stored at high pressure or pumped/compressed to high 
pressures in order that the thrust chambers be 
supplied at inlet pressures in the 100-500 psia 
range. The orbit maneuver system can utilize 
either the existing Centaur RL-10 engine, a new OMS 
engine designed specifically for the shuttle task 
or the High Pc ACPS could be utilized in a dual 
role to perform all in-orbit maneuvering as well
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as attitude control. Systems utilizing the main 
boost engine or a Low PC ACPS for all functions 
were eliminated in the pre-phase B studies on the 
basis of development complexity and/or system 
weight. The High PC ACPS system for all maneuvers 
was selected during the pre-phase B studies, the 
selection has been reevaluated during the Phase B 
studies with a High Chamber Pressure ACPS and RL-10 
QMS being selected.
Prior to completing the orbiter trade study, the 
impact of the ACPS concept to be utilized in the 
booster was evaluated. The Low PC system is 
especially applicable to the booster as the total 
impulse requirements are met by onboard residuals 
and a simple blowdown system may be used. Weight 
and cost comparisons were made of possible combina­ 
tions of High Pc and Low Pc ACPS between the booster 
and orbiter with the result being that the same 
concept, with hardware commonality, should be used 
on both vehicles regardless of the Low PC or High Pc 
selection. Since the total impulse requirements of 
the orbiter ACPS is on the order of five times the 
booster requirement, the results of the orbiter 
study governs the selection of the booster ACPS 
concept.
The ACPS/OMS trade studies were initially conducted 
for the straight wing vehicle with the Low PC ACPS 
being dropped from further consideration at that 
point. The final ACPS/OMS selection was based on 
trade studies conducted for the delta wing vehicle.
ANALYSES AND TRADEOFFS 
Mission Requirements
Requirements for the ACPS and QMS were established 
for the study by using the space station resupply 
mission. The ACPS/OMS requirements are given in
Figure 2 for the orbiter.
ATTITUDE CONTROL SYSTEM
TOTAL IMPULSE (LB-SEC PER LB SPACECRAFT) 
ON-ORBIT 
ENTRY 
MIN. ANGULAR ACCEL. DEG/SEC2
PITCH
YAW
ROLL
MIN. TRANSLATION ACCEL. FT/SEC2
FORWARD/AFT 
LATERAL/VERTICAL
ORBIT MANEUVER SYSTEM 
LOADED PROPELLANT AV 
TANK CAPACITY AV 
MIN. TRANSLATION ACCEL.
1.5-2.5 
3.5
0.5 
1.3 
0.5
0.2 
0.1
1500 (FT/SEC) 
2000 (FT/SEC) 
0.65 (FT/SEC2)
FIGURE 2. ORBITER ATTITUDE CONTROL AND ORBIT 
MANEUVER SYSTEM REQUIREMENTS
The QMS mission profiles for typical resupply mis­ 
sions are given in Figure 3. On the basis of these 
profiles, OMS system weight optimization studies 
accounting for cool down and start losses have been
made. The weights are virtually constant in the 
range of 3-10 OMS engine starts; 10 OMS engine 
burns are used in this study. Of the total OMS 
velocity increment of 1500 ft/sec, 185 ft/sec is 
provided by the ACPS for multi-axis maneuver as shown 
in Figure 4. The total impulse of the ACPS/OMS is 
approximately 13,000,000 pound-seconds.
Quick Ascent Profile
// I />""'ml / 1 1// /-<***"|/// 1/7 r""»
i •• ; i » 1 ! I IN i i il , i i
FIGURE 3. ORBIT MANEUVERING MISSION PROFILES
OPERATION
ASCENT 
STANDOFF DOCKING 
DESCENT 
RESERVES
TOTAL
REQUIREMENT (FT/SEC)
OMS
761 
65 
440 
49
1315
ACPS
35 
80 
20 
50
185
TOTAL
796 
145 
460 
99
1500
FIGURE 4. ACPS/OMS PROPELLANT LOADING CRITERIA 
TRANSLATION AV REQUIREMENTS
An additional system requirement which impacts 
system design is meeting orbiter fail safe to low 
earth orbit with one main boost engine out. The 
overall AV requirements for orbit insertion are 
higher in such an abort mode but propel!ant may be 
used from the OMS since the operational mission is 
not being continued. For relatively high thrust OMS 
engines, such as the RL-lO, the OMS propel!ant may 
be used directly following exhaustion of main engine 
propel!ant to provide the extra velocity increment 
necessary to attain orbit. For low thrust OMS 
engines, such as the ACPS, the T/W is too low to 
attain orbit and it is necessary to transfer the 
OMS propel!ant to the main tanks to allow the 
remaining main engine to perform the orbit inser­ 
tion. In the tradeoff data to follow, an allowance 
is made for a propellant transfer system where 
required.
Attitude Control Propulsion System Candidates
A matrix of ACPS concepts was evaluated during the 
NASA auxiliary propulsion system technology studies 
conducted by MDAC and TRW. The MDAC study options
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and results are summarized briefly in Figure 5. A 
turbopump/gas generator/heat exchanger conditioning 
system was selected for the High Chamber Pressure 
(High PC) system. The system, shown schematically 
in Figure 6, utilizes the conditioning equipment to 
pump and vaporize the propel!ants which are then 
stored in accumulators for demand use by the thrust 
chambers. A typical liquid propellant QMS engine,
integrated with the ACPS tankage is also shown in 
Fiqure 6. The selected Low Chamber Pressure (Low 
PQ) system for the orbiter, shown schematically in 
Figure 7, utilizes passive main tank mounted heat 
exchangers as shown in Figure 8, for propellant 
conditioning; the main tanks then serve as propel­ 
lant storage accumulators for the gas-gas engines.
CONCEPTS CONSIDERED
-PROPELLANT STORAGE
- PRESSURE/THERMAL
CONDITIONING
- FLOW CONTROL
- TYPE OF ENGINES
SELECTION
HI Pc ACPS
LIQUID
SUPERCRITICAL
STORED GAS
PUMP/G.G./MEAT EXCHANGER
COMPRESSOR/G.G./HEAT EXCHANGER
SUPERCRITICAL/G.G./HEAT EXCHANGER
HYBftlD-02 COMPRESSOR
-H2 SUPERCRITICAL
REGULATION
BIPROPELLANT
PROPULSIVE VENT ON TURBINE
EXHAUST
- LIQUID STORAGE
- TURBOPUMP/G G HEAT
EXCHANGER CONDITIONING
- BI-PROPELLANT ENGINES
- PROPULSIVE VENT ON ALL
MANEUVER SYSTEM
LO Pc ACPS
LIQUID
SUPERCRITICAL ORBITER
RESIDUALS BOOSTER
ACTIVE (GAS GENERATOR)
PASSIVE (HEAT SINK)
MASS ADDITION
REGULATION
DENSITY (P/T) CONTROL
SLOWDOWN
- LIQUID STORAGE
- PASSIVE CONDITIONING
- BI-PROPELLANT ENGINES
- DENSITY CONTROL slss
FIGURE?.
FIGURE 5. NASA/MDAC TECHNOLOGY STUDY SUMMARY
LOW P c APS SUBSYSTEM SCHEMATIC
(Passive Conditioning) 
Trade Study Schematic Only
GROUND 
SERVICE
RL-10 
(TYP OF 2)
FIGURE 6., ATTITUDE/CONTROL PROPULSION SYSTEM SCHEMATIC
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HYDROGEN HEAT EXCHANGER
NUMBER OF PANELS
LENGTH
TUBE SPACING
TUBE DIAMETER
NO. TUBES
4
15.0 FT
10.0 INCHES
0.3 INCHES
(2
OXYGEN HEAT EXCHANGER
NUMBER OF PANELS
LENGTH
TUBE SPACING
TUBE DIAMETER
NO. TUBES
2
11.5 FT
4.0 INCHES
0.4 INCHES
154
FIGURE 8. PASSIVE HEAT EXCHANGER DESIGN 
Low Pc ACPS
The performance of the candidate ACPS engines 1s 
summarized in Figure 9 for representative engine 
cooling concepts, i.e., regenerative or film.
TYPE OF ENGINE COOLING
SPECIFIC IMPULSE (SEO
MAIN TRANSLATION
NO PROPULSIVE VEHT
PROPULSIVE VENT
VERNIER TRANSLATION
ATTITUDE CONTROL
MIXTURE RATIO (OXYGEN/FUEL)
ENGINE
GAS GENERATOR
SYSTEM
CONDITIONING*
H2 CONDITIONING TEMP (°R) 
Q2 CONDITIONING TEMP (°R)
BYPASS RATIO ^^t^
HUN Pc 
FILM
• * 120 385
• « 121 412
.= 40 376
.= 40 357
4.0
1.0
3.16
260
m
.153
REGENERATIVE
406
42S
392
372
5.0
1.0
3J1
260 
360
.139
LOi Pc 
FILM
1 = 8 376
i=| 376
• = § 357
3.0
-
3.0
440 AVE 
440 AVE
— ~
FIGURE 9. SYSTEM PERFORMANCE OF ACPS CONCEPTS
Orbit Maneuver System Engine Candidates
The orbit maneuver system engine candidates con­ 
sidered in this study are the ftL-10 Centaur engine, 
a new QMS engine, and attitude control engines. 
The highly successful RL-1Q engine would require 
some development and requa~I1f1cat1on for extended 
muHlstart capability and possibly longer life. 
The advantages are minimum development costs and 
proven performance. The disadvantages are the 
installation penalties resulting from the 40 1n. 
diameter envelope and the propel1 ant losses associ­ 
ated with chill down for repeated starts. A new 
QMS engine design would have as design goals mini­ 
mum chill down losses, minimum Installation penalties, 
and high steady-state performance. Thest advantages 
are offset to some degree by the development costs 
associated with a new engine.
Two options tx1st for a nt* liquid propel!ant OMS 
engine: (1) develop a completely new stYlf-contained 
turbopump engine or, (2) develop a pressure fed 
liquid propel!ant thruster chamber which utilizes 
turbomachinery/gas generator equipment developed 
for "common" usage between the ACPS and QMS. On
the basis of studies performed by Aerojet General, 
Rocketdyne, and Martin Marietta, the latter approach 
appeared to have a cost advantage of $40M to $70M. 
Therefore, in the trade study only pressure fed 
liquid engines were considered for the new OMS 
engine candidate.
The use of attitude control engines for orbit 
maneuver adds a long life requirement to engines 
which must be designed for pulsing and short burn 
operation. The advantages of the ACPS engines over 
systems with separate OMS engines are minimum inert 
weight, minimum installation and chilldown penalties 
and minimum cost associated with extending engine 
life. Offsetting these advantages are the penalties 
associated with lower performance.
The basic characteristics of the candidate engines 
are given in Figure 10.
PARAMETER
THRUST
SYSTEM SPECIFIC IMPULSE (SEC) 
EXPANSION RATIO (Vty 
MIXTURE RATIO (OXYGEN/FUEL)
WEIGHT (Lfi) 
EXIT DIAMETER (IN.)
HIPC 
ACPS
6400 (4 - 1600 LB)
(THRUST ENGS.)
428 
120 
3J
40LB/EN6
RL-10
15,000
444 
57 
5
300 
40
NEW 
DESIGN
5000-10,000
460 
240 
5
80-120 
40
FIGURE 10. ORBIT MANEUVER ENGINE CANDIDATES
Initial Phase B Evaluation - Strai'ght Wing Qrbiter
Weight/Installation Considerations - The system 
weight portion of the evaluation was based upon the 
specific impulse values quoted previously and 
system weight models generated per the trade study 
schematics. In addition to the basic system 
weights, the interface effects of engine instal­ 
lation on vehicle base area, and the impact of 
ACPS/OMS tank sizes upon overall vehicle size/ 
weight were considered. These factors are shown 
1n Figures 11 and 12, respectively. The use of the 
main tank as a cyclic pressure vessel for the Low 
Pc ACPS also Introduces a penalty of 350 pounds due 
to the effects of sustained pressure loading and 
fatigue cycling.
FOUK-iiM LI THRUST 
GAS FED ENiMfS 
•-Ill/I
RL-10 OR NEW ENGINES (DIA - 40 INCHES) 
2 ENGINES 3 OR 4 E
A BASE ARE A* 
35 FT2
A BASE AREA* 
42FTZ
A fT» 215 POUNDS
FIGURE 11. STRAIGHT WING ORBITER OMS 
ENGINE INSTALLATIONS
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- H2 TANK SIZE IS DRIVER
- TANK VOLUME: 12.5 FT3 IN VEHICLE LENGTH
AFT02.'AFTH2
(PAYLOAD SHIFTED 15 INCHES FWD)
- VEHICLE STRETCH PENALTY 37 LB IN PLUS WING AND C.G. EFFECTS
FIGURE 12. FEED TANK VOLUME/LOCATION IMPACT 
Straight Wing Orbiter
The ACPS/OMS concepts evaluated for the orbiter are 
tabulated in Figure 13. The total system weights, 
with interface effects are shown in Figure 14.
• HIGH Pc GAS-GAS ENGINE SYSTEM! FOR BOTH ACPS AND OMS FUNCTIONS. FILM COOLED ENGINES.
• SAME AS ABOVE BUT WITH REGENERATIVE COOLED ENGINES. 
. HIGH Pc FILM COOLED GAS-GAS ACPS WITH AN RL-10 OMS ENGINE.
• SAME AS ABOVE BUT WITH REGENERATIVE COOLED ENGINES.
• HIGH Pc FILM COOLED GAS-GAS WITH A NEW PRESSURE FED LIQUID ENGINE.
• LOW Pc FILM COOLED GAS-GAS ACPS WITH AN RL-10 ENGINE.
FIGURE 13. ACPS/OMS CONCEPTS - STRAIGHT 
WING OR BITER
1.) HIGH P ACPS.1XC
2.) HIGH P ACPS TNC
3.) HIGH P c ACPS/RL-10 
FILM COOLED
4) HIGH Pc ACPS. W.-10 
REGEN COOLED
5.) HIGH Pc ACPS HEW FUJI 
COOLED ENGINE
c.) LOW PQ/RL-IO FILM
COOLED
H2 TANK
VOLUK
FT*
2*20
02 TANK
VOLUME
FT3
473
WEIGHT -KLB 
35 40
FIGURE 14. ACPS/OMS WEIGHT COMPARISON 
Straight Wing Orbiter
Cost Considerations
One of-the key goals in the Space Shuttle Program is 
to design, develop and operate a vehicle which is 
economical programwise. Therefore, considerable 
emphasis is placed on using cost as a design param-
eter in the same manner as we are accustomed to 
using weight, volume, etc. Utilizing applicable 
cost estimating procedures and specific system/ 
component cost estimating relationships developed 
by MDAC in the Optimized Cost Performance Design 
Methodology Study (Reference I), and engineering 
judgement for system elements where specific cost 
estimating relationships are not available costs 
have been estimated for the various ACPS/OMS con­ 
cepts. As might be expected, these data do not 
reflect cost differences in number of components, 
but they do reflect the impact of the number of dif­ 
ferent engines to be developed, thrust level, 
propel!ant weight, and the number of systems that 
are to be developed and integrated into the vehicle. 
With the derived cost data, the costs of the various 
systems can be compared to the value or costs of 
the respective payload gains or losses that would 
be incurred by changing the system from an arbitrary 
baseline.
In order to determine the value of a pound of pay- 
load, our Cost Analysis Group has conducted an 
extensive study to determine program cost variations 
for payload changes that would be realized by chang­ 
ing the gross launch weight of the vehicle. Pres­ 
ently, these analyses indicate that a pound of 
payload is worth $25,000 in the Research, Develop­ 
ment, Test, and Evaluation (RDT&E) phase of the 
program for the straight wing orbiter. This cost 
factor is applied to the payload change that results 
from making a subsystem concept change from a given 
baseline. If a payload decrease results from 
utilizing an alternate subsystem concept, a cost is 
incurred in order to recover the payload loss. If 
a payload increase occurs because of the change, 
then a program savings can be realized. The payload 
cost effect must then be combined with the cost or 
savings of making the subsystem change to determine 
the net cost economics of incorporating the alter­ 
nate concept in the Space Shuttle Vehicle. The 
cost relationships for the various OMS/ACPS con­ 
cepts are shown in Figure 15.
FIGURE15. ACPS/OMS COST COMPARISON 
Straight Wing Orbiter
Maintainability/Reliability/Safety/Mission Flexi- 
biTity/Development Considerations
In addition to the weights and cost data presented 
above, a maintainability, reliability, and safety 
analysis was conducted. The goal of this effort 
was to determine if major differences existed which
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would be Important 1n an overall selection. The 
resultant data 1s summarized 1n Figure 16 
with the systems being relatively equal on these 
bases.
AREA
MAINTAINABILITY
RELIABILITY 
PRQPELLANT 
CONDITIONING
OMS ENGINES
ACPS ENGINES 
PROPELLANT
STORAGE I DIST.
SAFETY
MISSION 
FLEXIBILITY
DEVELOPMENT
HI PC
HIGH MAINTENANCE ON CONDITIONING 
MODULES
MULTIPLE OMS ENGINES
COMPLEX 
EQUIPMENT 
(OJ VEHICLE LOSS IN PROGRAM) 
TWO ENGINE. OUT PRO VIDEO IF 
ALL GAS-GAS
MORE AP AVAILABLE FOR INJECTORS, 
VALVES; IGNITION PRESSURE 
REQUIREMENTS EASILY EXCEEDED. 
LIQUID SYSTE
HIGH PRESSURE ACCUMULATORS
HIGH PRESSURE ACCUMULATOR
RUPTURE WOULD CAUSE ACPS TO 
BE INOPERATIVE
POTENTIAL OF TURBOPUMP 
FRAGMENTATION DAMAGE
LARGE TEMPERATURE DIFFERENTIALS 
AND HIGH CYCLING COULD CAUSE 
FAILURE IN HEAT EXCHANGERS
MAY BE USED DURING ABORTS, 
SEPARATION, AND ANY VEHICLE 
ORIENTATION
FEED PRESSURES NOT SENSITIVE 
TO RESIDUALS
MAY BE TESTED AT SEA LEVEL 
SUBSYSTEM
LOWPC
PASSIVE HEAT EXCHANGER 
DIFFICULT TO REPAIR
TWO RL-10 OR EQUIVALENT 
LESS RL-10 OR EQUIVALENT
(0.005 VEHICLE LOSS IN PROGRAM) 
HIGH TURBOPUMP 
ENGINE RELIABILITY
LARGER VALVES, ETC. 
AP BUDGET TIGHT
JC ARE SAME
MAIN TANK MUST HOLD PRESSURE 
FOR LONG PERIODS.
LOSS OF MAIN TANK PRESSURE 
SHUTS DOWN SYSTEM
PUMPS ARE ON RL-10'S
LONG TUBING AND MANIFOLDING 
REQUIREMENTS; HUNDREDS OF 
CONNECTIONS
PASSIVE SYSTEM DEPENDS ON 
VEHICLE THERMAL BALANCE
RESIDUALS CONTROL IMPORTANT
ALTITUDE SIMULATION REQUIRED 
TO VERIFY OPERATION
PREFERENCE
LOWPC
NONE 
NONE 
LOW Pc
HIGH PC
NONE
NONE
NONE
NONE
HIGH PC
HIGH Pc
HIGH PC
FIGURE 16. NON WEIGHT / COST SELECTION 
CONSIDERATIONS
conditioning bypass flow. These systems were 
evaluated 1n the delta wing orbiter ACPS/OMS trade 
study.
The Interface effects impacting the ACPS/OMS weights 
and costs are associated with the LH2 tank location 
and the vehicle stretch required for LH2 volumes 
above a given value. Figure 17 indicates the 
vehicle related penalties for both forward and aft 
mounted LH2 tanks. The structural penalty associ­ 
ated with LH2 tanks aft is the order of 4,000 pounds, 
therefore, only forward mounted LH2 tanks are con­ 
sidered for the delta orbiter. The larger main 
boost engines increased the base area such that no 
additional Increase is required to incorporate 
RL-10's or new liquid/liquid OMS engines.
- LH2 TANK SIZE IS DRIVER
- TANK VOLUME (FORWARD MOUNTED): 6.67 FT3 PER INCH VEHICLE LENGTH
(AFT MOUNTED): NON-LINEAR TANK DIAMETER FUNCTION
FWD LH2 TANKS
.RL-10 NO STRETCH
• FULL REGEN NO STRETCH
• PARTIAL REGEN 32.3 INCH 
STRETCH
- VEHICLE STRETCH PENALTY = 37 IBS IN. 
PLUS WING AND C.G. EFFECTS
L02 TANK -
FIGURE 17. FEED TANK VOLUME/LOCATION IMPACT 
Delta Wing Orbiter
An examination of mission flexibility and develop­ 
ment factors, Figure J6, indicated a preference for 
the High PC ACPS because of its relative nondepen- 
dence on the vehicle interface for operation and 
its ability to be fully tested on the ground prior 
to flight operations.
Summary - Straight Wing Orbiter Evaluation
In summary, the trade study conducted on the 
straight wing orbiter indicated that both the High 
PC and Low Pc systems were competitive 1n overall 
weight/cost. The High PC ACPS has mission flexi­ 
bility and development advantages, therefore, was 
selected over candidate Low PC concept.
Final Evaluation - Delta Wing Orbiter
Weight/Cost/Installation Considerations - The 
system comparison studies discussed above were 
continued for the delta wing orbiter, the vehicle 
configuration selected by NASA in the Phase B 
studies. The weight and cost trades were con­ 
ducted in a similar manner as for the straight 
wing orbiter except that the value of a pound of 
payload 1s $15,000/pound for the delta orbiter. 
Updated Isp data and the impact of the main boost 
engine size change from 415,000 pounds thrust to 
the 520,000-550,000 pound thrust range were Incor­ 
porated. In addition, the NASA-MDAC High Pc 
Auxiliary Propulsion Studies had Identified system 
concepts utilizing heat exchangers with oxygen - 
addition for high performance and low overall
The forward LH2 tank location is no problem for all 
gas-gas ACPS/OMS concepts because the conditioning 
equipment can be located in close proximity to the 
tank. For liquid fed OMS engines, however, the 
long feedllne and its conditioning losses, represents 
a significant system weight penalty. In a study 
conducted by Martin Marietta, a feedline concept 
utilizing a vacuum jacketed line with integral 
thermodynamic vent was selected. The character­ 
istics of this line are given 1n Figure 18 for LH2 
flow rates corresponding to 15,000 and 30,000 pound 
thrust. A value of 1,000 pounds penalty was used 
in the trade studies to follow.
Desipi Concept Details
ORIFICES
PREVALVE(TYP)
LINE - LENGTH (FT)
- MATERIAL
- INSULATION
H2 FLOW RATE (LB/SEC)
LINE DIMETER (IN.)
(INNER/OUTER)
LINE AP (PSI)
WEIGHTS
FEED LINE
HEAT EXCHANGER
INSULATION
FITTINGS
ATANK/PRESSURE
BOIL OFF PROPELLANT
UNUSABLE PROPELLANT*
TOTAL WEIGHT
IB
STEa
VACUUI JACKETED HPI
5.6
3.1/5.9
U
390
15
42
71
130
SO
11
719
11.2
3.9/7.9
2.3
528
15
58
110
170
60
135
1,076
•FOURLIKE VOUMES
FIGURE 18. FORWARD HYDROGEN TANK FEED LINE 
i____ Delta Wing Orbiter
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The candidate QMS concepts investigated 1n this 
portion of the study are given 1n Figure 19 and 
the performance of each is given in Figure 20. The 
system weight comparisons are given in Figure 21. 
The cost comparisons are given in Figure 22. From 
these data it 1s seen that the advanced High Pc 
ACPS all -maneuver systems and the conventional 
High PC ACPS/RL-10 systems are quite competitive 
while the concepts utilizing the new liquid QMS 
engine or the special gas-gas QMS engine are more 
costly than the High PC all-maneuver systems with 
conventional conditioning equipment.
• HIGH Pc ACPS/t)MS WITH CONVENTIONAL HEAT EXCHANGERS - ALL GAS-GAS PROPELLANT 
. HIGH Pc ACPS/OMS WITH ADVANCED REBURN HEAT EXCHANGERS - ALL GAS-GAS PROPELLANT 
. HIGH Pc ACPS/RL-10 OMS WITH CONVENTIONAL HEAT EXCHANGERS IN THE ACPS
• HIGH Pc ACPS/NEW LIQUID ENGINE WITH CONVENTIONAL HEAT EXCHANGERS IN THE ACPS
NOTE: ACPS ENGINES ARE PARTIAL REGENERATIVE TYPE
FIGURE 19.1 CANDIDATE ACPS/OMS CONCEPTS
SYSTEM TYPE
• HI P c ACPS tlPKS CONVENTIONAL HEAT 
EXCHANGER ALL GAS-GAS
. HI Pc ACPS t)MS ADVANCED REBURN 
HEAT EXCHANGER ALL GAS-GAS
• HI Pc ACPS/RL-10 CONVENTIONAL
HEAT EXCHANGERS
. HI Pc ACPS/NEW ENGINE CONVEN­
TIONAL HEAT EXCHANGER
ENGINE ISP
ACPS
435
435
435
435
OMS
448
455
444
460
SYSTEM l sp
ACPS
381
401
381
381
OMS
416
423.7
444
455
SYSTEM MIXTURE RATIO
ACPS
3.52
3.89
3.52
3.52
OMS
352
3.89
5.0
5.0
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FIGURE 22. ACPS/OMS COST COMPARISON 
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An additional consideration in system selection was 
the factor of utilizing existing hardware which 
greatly reduces the development associated with the 
ACPS/OMS. The RL-10 engine, with its actual hard­ 
ware weight and demonstrated performance, greatly 
desensitizes the susceptibility of the system to 
changes in performance (lsp) and inert weight 
growth. The relative sensitivities to changes in 
performance is illustrated by Figure 23. As shown, 
the sensitivities differ by a factor of 4. The 
factor of 4 translates into an OMS AV change of 
80 ft/sec per second of lsp for the all gas-gas 
system to a value of 20 ft/sec per second of lsp 
for the selected system.
FIGURE 23. SYSTEM WEIGHT SENSITIVITY TO 
DELIVERED SPECIFIC IMPULSE
SUMMARY
Overall consideration of weights, cost, mission 
flexibility, development considerations, and 
sensitivity data as shown in Figure 24 led to the 
selection of a High Pc ACPS with a liquid fed OMS 
engine. The RL-10 was selected at this time 
because of its development maturity and high flight 
demonstrated performance.
• HIGH Pc ACPS SELECTED
- MISSION FLEXIBILITY ADVANTAGES
- DEVELOPMENT TEST ADVANTAGES 
» LIQUID OMS ENGINE SELECTED
- 2000 POUND PAYLOAD ADVANTAGE
- REDUCED PROPELLANT VOLUME MINIMIZES CONFIGURATION IMPACT
- RL-10 ENGINE CHOSEN DUE TO MATURITY OF DESIGN AND PERFORMANCE CONFIDENCE
- SYSTEM WEIGHT/PERFORMANCE SENSITIVITY TO lyJ REDUCED BY FACTOR OF FOUR
FIGURE 24. SUMMARY - ACPS/OMS SELECTION STUDY
REFERENCE
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